Abstract--The Cs selectivity of several natural zeolitic tufts and synthetic zeolites was measured. Phillipsite-rich tufts from California and Nevada exchanged 13.5 and 23.7%, respectively, of the Cs present in simulated alkaline defense waste containing 0.00025 M CsCl in 5.5 M NaC1-NaOH solution from the Savannah River Plant, Aiken, South Carolina; whereas mordenite-rich tufts from Arizona and Nevada exchanged less than 12.7%. The immobilization or fixation of Cs in phillipsite unlike other zeolites can be achieved by heating the zeolite at 600~ for 4 hr in air and collapsing the silicate (aluminate) tetrahedral tings around the Cs ions to produce a Cs-feldspar-type phase. Treatment of the Cs-exchanged phillipsiterich tuft at 800 ~ to 1000~ resulted in pollucite, CsA1Si206, which also "locks in" the Cs ions in its structure. The fixation of Cs exchanged in phillipsite can also be achieved by the formation of pollucite upon hydrothermal treatment at 300~ and 30 MPa pressure within 12 hr. These results suggest that phillipsite-rich tufts are good candidates for Cs immobilization by heat treatment at low temperatures after they have been used as sorbents in waste decontamination.
INTRODUCTION
The use of zeolites such as clinoptilolite in nuclear waste decontamination is a common practice (IAEA, 1972) . Zeolites and zeolitic tufts have also been used to decontaminate low-and intermediate-level liquid nuclear wastes (Mercer and Ames, 1978) and to separate ~37Cs from high-level radioactive defense wastes at Hanford, Washington (Nelson and Mercer, 1963; Brandt, 1970; Buckingham, 1970) . Zeolitic ion exchangers, such as Ionsiv IE-95 (United States Nuclear Regulatory Commission, 1980 ) which consists of a mixture of natural chabazite and erionite from Bowie, Arizona and Ionsiv IE-96 (which consists ofchabazite) + Linde A-51 (Hofstetter and Hitz, 1983) are currently used to clean up accident waste water at the Three Mile Island-Unit II reactor, Middletown, Pennsylvania. The fixation of radioactive Cs within these zeolites, however, has not received much attention although vitrification in glass or iron-enriched basalt has been investigated (Kelsey et al., 1982) . The effect of heat on vaporization and elution of ssSr and 137Cs exchanged on zeolites was studied by Knoll (1963) but has not been optimized in any way. Cesium exchanged onto zeolites is expected to be removed slowly by leaching with ground water containing Ca 2+, Na +, and K + by ion exchange if disposed of without any further processing.
Recently, Roy (1981, 1982) examined the thermal and hydrothermal treatment of zeolific tufts for the fixation of ion-exchanged Cs and Sr. These studies indicated that phillipsite is probably the best natural zeolite for exchange and fixation of Cs Copyright 9 1985 The Clay Minerals Society because of (1) its very high cation-exchange selectivity and capacity for Cs, and (2) the ease with which Cs can be immobilized by transforming the structure to a feldspar-type phase or to pollucite. The objective of the present study was to show in greater detail that 137Cs exchanged by natural phillipsite-rich tuff can be easily immobilized by the formation of crystalline cesium aluminosilicates by heat treatment in air or under hydrothermal conditions.
EXPERIMENTAL

Materials
The source and/or location and particle size of the twelve natural zeolitic tufts and four synthetic zeolite samples used in this study are given in Table 1 . All of the zeolitic tufts, except the phillipsite-rich tuff from California, the analcime-rich tuff from Arizona, and the Ionsiv IE-95 from Union Carbide Corporation, were supplied as <200 (<75 urn) or <600 (<25 ~tm) mesh powders (see Table 1 ). The phillipsite-rich tuft from California and the analcime-rich tuft from Arizona were supplied as 2 x 3 x 5" hand specimens which were lightly ground in an agate mortar and pestle and screened to obtain <200 mesh powders. The Ionsiv IE-95 sample was supplied as ~ l-ram aggregates and was used without any further treatment.
Methods
The mineralogical analysis (Table 1 ) of all the untreated samples was carried out by powder X-ray diffraction (XRD) using a Philips APD-3600 X-ray diffractometer with graphite monochromated CuKa ra-
Komarneni
Clays and Clay Minerals (Medlin et al., 1969) and spectrometric analysis (Table 2 ). The total cesium-exchange capacities of the two phillipsites were determined by washing the samples five times with 1 N CsC1, washing out the excess CsCI with 0.01 N CsC1 (to prevent hydrolysis; a correction was made for 0.01 N CsCI which was determined by weighing) and by displacing the Cs (Medlin et al., 1969) and spectrometric analysis.
2 Analysis from Sheppard and Gude (1968) . The phillipsite sample used in the present investigation is from the same general area as that analyzed by those authors. from exchange sites with five washings of 1 N KC1 solution. The solutions were analyzed for exchangeable Cs ions by atomic absorption (AA) using a Perkin Elmer PE 703 instrument with electrodeless discharge lamp.
Cesium exchange by the zeolites was measured from three different solutions as follows: In one series, 25 ml of 0.04 M NaNO3 solution containing 0.0002 M CsC1 and 0.0001 M SrC12 was added to each 20-rag zeolite sample, and the mixtures were equilibrated by shaking in an end-over-end shaker for 24 hr at 25~ In a second series, 15 ml of 4.0 M NaNO3-1.5 M NaOH solution containing 0.00025 M CsC1 and 1 x 10 -6 M SrC12 with 137Cs tracer was added to each 100-mg zeolite sample, and the mixtures were equilibrated for 18 hr without shaking at 25~ Two replicates of each run were made. The composition of this solution simulates alkaline defense waste from the Savannah River plant (Ebra et aI., 1982) . In a third series, 20 ml of 2 M NaC1 solution containing 0.2 M CsC1 was added to each 2-g zeolite sample, and the mixtures were equilibrated by shaking for 24 hr. This last experiment is similar to the cesium-exchange test that was suggested by Mercer and Ames (1978) . The 18-or 24-hr equilibration used here may not represent a true exchange equilibrium but would suffice to give differences in Cs exchange selectivity among the various samples. After equilibration, the solid and solution phases were separated by centrifugation, and the Cs in solution was determined by either AA or by gamma counting using a scintillation method. 2 Simulated alkaline defense waste from the Savannah River Plant (Ebra et aL, 1982) .
3 Composition for Cs exchange test for zeolites as suggested by Mercer and Ames (1978) . 4 Not determined. 5 ND = none detected.
To investigate the extent of Cs fixation by heat treatments, the phillipsite-rich tufts from Nevada and California were loaded with 220 to 103 meq Cs/100 g and 196 to 117 meq Cs/100 g, respectively. The highest Cs loadings given above of the phillipsite-rich tufts from Nevada and California correspond to 75 and 70% respectively of their expected total exchange capacities, the latter were calculated from the AI contents in Table  2 . The different Cs loadings in the zeolitic tufts were achieved by adding different amounts of CsC1 in solution and equilibration by shaking for 24 hr. The extent of Cs loadings was determined after washing the samples free of excess salts and by repeatedly displacing the Cs with excess KC1 and by determining the Cs using AA. The phillipsite-rich tufts after the exchange of Cs from 0.04 M NaNO3 (see above) were also heated in an attempt to fix the cesium. The Cs-loaded and Csexchanged phillipsite-rich tufts were heated at various temperatures up to 1000~ in air for 4 hr, some were heated hydrothermally in gold capsules at 200 ~ and 300~ for 12 hr under a confining pressure of 30 MPa.
In the hydrothermal heating experiments, a solid to deionized water ratio of 1:5 was used. After the hydrothermal treatment, the gold capsules were checked for leaks by weighing. The gold capsules showing no weight changes and therefore assumed to have been free of leaks were opened with a scissors in a glass vial, Twenty milliliters of distilled water was added while washing the scissors, and the gold capsules were shaken to remove the sample from the gold capsule. The solid and solution phases were separated by centrifugation, and the solutions were analyzed for Cs by AA.
The solid samples after thermal and hydrothermal treatments were characterized by XRD and by scanning electron microscopy, the latter with an ISI DS-130 instrument.
RESULTS AND DISCUSSION
Exchange of Cs by zeolites
The results presented in Table 3 show that the natural phillipsite-rich tufts exchanged the most Cs of the than the latter (292 meq/100 g) and (b) the untreated California tuff contains more K § than that from Nevada (Table 2 ). The K § in the untreated samples also competed for the exchange sites because batch-type experiments were used wherein all of the solution was in contact with the tuff during equilibration, unlike in column operations. K § is selectively exchanged over Na § by many zeolites (Ames, 1961) , therefore, K § in zeolite competes more strongly with Cs § than does Na § (Ames, 1960 (Ames, , 1961 (Ames, , 1963 . Because the phillipsite-rich tuff from California contained more K § in exchange sites than the phillipsite-rich tuff from Nevada (Table  2) , the former was a poorer exchanger of Cs § than the latter under the experimental conditions used in this investigation.
Fixation of Cs in phillipsites
Heat treatment. The two phillipsite-rich tufts with 103
and 117 meq/100 g or higher Cs-loadings transformed Vol. 33, No. 2, 1985 Cs decontamination and immobilization by phillipsite 149 to Cs-feldspar-type phases at 600~ and to Cs-feldspartype phase + pollueite at 1000~ (Figure 1 ), as was reported by Komarneni and Roy (1981) . At lower Csloadings, feldspar-type phases formed at about 800~ The formation of a feldspar-type phase can be attributed to the collapse of rings of silicate and aluminate tetrahedra around the Cs ions as shown in Figure 2 ( Breck, 1974) . Scanning electron microscopy (not shown) revealed no change in the morphology of the phillipsite upon its transformation to the feldspar-type phase. The structure of phillipsite thus traps or fixes Cs ions by collapse of the rings at a relatively low temperature of 500~176 This feldspar-type phase transforms to pollucite, CsA1Si206, by heat treatment at a higher temperature of 800~176
Because pollucite is a better phase for 137Cs immobilization than the feldspar-type phase (Komarneni and Roy, 1981) , heat treatment to higher temperatures enhances the fixation of Cs in these phillipsite-rich tufts. Other than phillipsites and heulandite, the commercially available natural zeolites do not undergo such structural collapse (Hoss and Roy, 1960; Breck, 1974; Komarneni and Roy, 1981) and, therefore, need very high temperatures of 1200~ (Mimura and Kanno, 1980; Forberg et al., 1980) for the immobilization of Cs in crystalline phases. Heutandite, which was not investigated here, is also a potential zeolite for Cs fixation inasmuch as it undergoes structural collapse at > 360~ (Mumpton, 1960) . The collapse of the silicate rings of phillipsite around Cs ions at ~ 600~ during the formation of Cs-feldspar prior to the crystallization of pollucite around 800 ~ 1000~ is expected to inhibit Cs volatilization which is a common problem with this element. Further studies are warranted to substantiate the above point.
Hydrothermal treatment. Hydrothermal treatment of the Cs-loaded phillipsite-rieh tufts at 200~ for 12 hr at 30 MPa pressure resulted in no detectable alteration, although at 300~ for 12 hr, pollucite formed ( Figures  3 and 4) . Thus, Cs-loaded phillipsite-rich tufts can be transformed to pollueite under hydrothermal conditions at relatively low temperature. The pollueite par- Figure 4 ) and showed no weUdefined crystal faces within the short duration of the treatment. The transformation of the Cs-loaded phillipsite-rich tufts to pollucite resulted in very little release of Cs into solution (Table 4) . Cesium in phillipsite, unlike in other zeolites studied in this laboratory (Komarneni and Roy, 1981) can thus be easily immobilized as poUucite wbich has been found to be a resistant phase for ~37Cs immobilization (Komarneni and White, 1981; Komarneni and Roy, 1983) , as has been previously suggested by Barrer (1978) .
